SUMMARY
An isobutyrate-degrading methanogenic enrichment was obtained from a mesophilic anaerobic digester. Studies with growing cells and cell suspensions showed a reversible isomerization between butyrate and isobutyrate, suggesting that butyrate is an intermediate in the anaerobic degradation of isobutyrate. NMR experiments with 13C-labelled butyrate demonstrated that this isomerization resulted from the migration of the carboxyl group.
INTRODUCTION
Isobutyrate is not usually considered to be a major intermediate in the anaerobic digestion of complex organic matter. It has, however, been detected in several methanogenic ecosystems [1, 2] and it was shown to be a product of valine fermentation in proteolytic anaerobic bacteria [3] . In lake sediments, Lovley and Klug [4] observed that 50% of the butyrate was converted into isobutyrate when butyrate degradation was inhibited by the addition of hydrogen. This conversion was confirmed by Zinder et al. [5] who observed a
Correspondence to: J-L. Tholozan transient accumulation of butyrate and isobutyrate during the respective degradations of isobutyrate and butyrate in a thermophilic anaerobic digester. These results suggested that the anaerobic isobutyrate degradation proceeded by an isomerization to butyrate and subsequent conversion of the latter to two molecules of acetate by obligate proton-reducing acetogenic bacteria. The recent isolation of a butyrate-degrading acetogenic bacterium which also utilizes isobutyrate could support this hypothesis [6] .
In this paper, the butyrate/isobutyrate isomerization by a methanogenic-enriched culture was investigated by 13C-NMR, and a possible mechanism is proposed.
MATERIALS AND METHODS

Culture procedures
Anaerobic sludges were sampled from a 2500 m 3 mesophilic anaerobic digester treating vegetable cannery wastewaters [7] . The anaerobic technique of Hungate modified by Miller and Wolin [8] was used for the preparation of media and the cultivation of microorganisms. Carbonate buffered (pH 7.2 with N2-CO 2 (80:20) in the head space) basal medium [9] modified as in [10] cated, the basal medium was supplemented with 10 mM isobutyrate and the incubation temperature was 35 o C.
Cells were harvested by anaerobic centrifugation (30 min at 1500 x g) of 50 ml of the isobutyrate enrichment and resuspended in 10 ml of basal medium. Kinetic studies of butyrate or isobutyrate degradation were performed in 25 ml serum vial containing 10 ml of the concentrated cell suspension.
Analytical methods
Volatile fatty acid concentrations were determined by gas chromatography as previously described [11] except that isovalerate was utilized as internal standard instead of trimethylacetate.
The NMR recordings were made on a Brucker AM~300NMR spectrometer operating in the Fourier Transform mode at a frequency of 75.45 MHz as previously described [12] . Spectra were assigned by comparison with spectra of authentic compounds recorded under similar conditions (pH approx. 7).
The protein content of cell suspensions was determined after cell hydrolysis (1 h at 100 °C in 1.5 M sodium hydroxide); the Bradford method with bovine serum albumin as standard was used for quantitation as in [13] .
RESULTS
Enrichment cultures
Anaerobic sludges were serially diluted and after 2 months of incubation, growth and complete isobutyrate degradation were observed up to the 10 -4 dilution. An enriched isobutyrate-degrading culture was obtained after ten successive transfers (10% v/v) of the 10 -4 dilution. With a 10% inoculum of this enriched culture, isobutyrate was completely degraded into CH 4 and CO 2 within 20 days with a transient accumulation of butyrate and acetate (Fig. 1) . Growth, as estimated from the isobutyrate consumption time courses, was exponential during the first 200 h. The overall doubling time of the isobutyrate-degrading culture was found to be about 60 h. Phase contrast microscopy revealed the presence of several types of Fig. 1 . Isobutyrate consumption by a methanogenic enrichment growing in batch culture, n, isobutyrate; ×, butyrate; ~z, acetate.
11.( (hi
bacterial morphologies, including Methanothrixlike filaments. Further transfers did not result in the selection of a dominant morphology to which the butyrate utilization could be attributed.
Experiments with cell suspensions
Suspensions of cells grown on isobutyrate were incubated in the presence of either butyrate (13 mM) or isobutyrate (14.5 mM) (Fig. 2) . Both fatty acids were immediately degraded and the consumption rates of butyrate and isobutyrate were 6.7 and 3.9 mmol/h per g protein, respectively. Methane and carbon dioxide were the only end products and, in contrast with experiments with growing cells, acetate did not accumulate at concentrations higher than 1 mM. Transient accumulation of butyrate and isobutyrate were observed. Their concentrations reached 0.95 mM and 4.35 mM, respectively, accounting for about 5 and 30% of the respective initial isobutyrate and butyrate concentrations. In both cases, the complete disappearance of isobutyrate was only observed when the butyrate concentration became very low. These results indicated that the cells grown on iso- butyrate were able to catalyze a reversible isomerization between n-butyrate and isobutyrate and also suggested that butyrate was an obligate intermediate in isobutyrate degradation.
NMR studies
Theoretically, the isomerization of n-butyrate into isobutyrate may result either from a migration of the carboxyl group to carbon 3, or from a migration of carbon 4 to carbon 2. According to this, using [1-13C] -or [4-13C]sodium butyrate as substrate for the reaction would have led to irrelevant NMR results due to the formation of identical labels on the resulting isobutyrate. The exact mechanism of the reaction could thus be elucidated by the use of either [2-13C]-or [3-13C] butyrate. Of these two compounds, the only one commercially available, [3-13C] butyrate, was thus added to a suspension of cells grown on isobutyrate and the fermentation was stopped at the maximal isobutyrate concentration. The NMR spectrum of the supernatant showed the appearance of a peak of [2-13C]isobutyrate (Fig. 3) . This clearly indicated that isobutyrate was formed by a migration of the carboxyl group.
Besides the isomerization pathway, [3-13C] butyrate could also undergo the fl-oxidation which in this case should lead to [1-13C] of H13CO3-resulting from the decarboxylation of acetate by Methanothrix i14] was nevertheless consistent with the intermediary synthesis of acetate labelled on the carboxyl group and indicated that the fl-oxidation pathway was also involved in the butyrate metabolism.
DISCUSSION
The transient accumulation of butyrate observed during isobutyrate degradation by growing cells or in cell suspensions, and also the fact that cells grown on isobutyrate use butyrate without any lag, are consistent with the hypothesis of Zinder et al. [5] which suggested that isobutyrate was first isomerized into butyrate and then degraded into acetate and hydrogen. These two reactions are probably carried out by the same organism, since the isomerization reaction is not coupled with ATP synthesis and thus cannot support bacterial growth. The only reaction involving a migration of a carboxyl group is the vitamin B-12-dependent conversion of methylmalonyl-CoA to succinyl-CoA [15] . A similar mechanism could be involved in isobutyrate conversion to n-butyrate and would presumably require an isobutyrate activation to isobutyryl-CoA before the mutase-mediated CoA-carboxyl group migration.
In methanogenic sludges incubated in the presence of butyrate (30 mM), a transient accumulation of isobutyrate (9 mM) similar to that observed in the suspensions of cells grown on isobutyrate was evidenced (data not shown); this indicated that the isobutyrate-degrading organisms could also be the main butyrate degraders in the anaerobic digester sludges where the enrichments came from. However, Syntrophomonas species which have been shown to be the main butyratedegrading organisms in most anaerobic digesters [16] [17] [18] are unable to use isobutyrate. The only obligate proton-reducing isobutyrate-utilizing acetogen which has been described so far is a taxonomically undefined Gram-positive spore-forming strain which also uses butyrate [6] . However, the use of isobutyrate by this organism has been questioned recently (Schink, B., personal communication). Thus, the isolation of such microorganisms in anaerobic digesters having high isobutyrate-butyrate-degrading activities remains to be documented.
